Introduction
Neutrophils play a key role in innate immunity with multiple strategies for defending the body against pathogens. Neutrophils initially migrate to the site of infection and phagocytose and kill bacteria with the aid of proteolytic enzymes, antimicrobial proteins, and ROS [1] . Neutrophils can also degranulate to release antimicrobial factors in the extracellular space to kill bacteria [1] . More recently, neutrophils were found to kill bacteria by forming extracellular structures called NETs, which are composed mainly of histones, DNA, and proteases, such as NE. NETs were first discovered in 1996 as a unique form of cell death, distinct from necrosis or apoptosis [2] . This process was further described and termed NETosis in 2004 [1] . In NETosis, the neutrophils extrude large amounts of chromatin and granule proteins, such as NE and MPO, which trap and kill microorganisms. NETs contain the invading microorganism to prevent the spread of infection and use their highly localized concentration of antimicrobial peptides to degrade virulence factors and kill the microorganism [1] . Whereas NETs have a role in pathogen defense, NETs can also lead to toxic effects in the host. Importantly, NETs expose autoantigens, such as nucleic acids and proteins, in an inflammatory milieu that can stimulate an autoimmune response in a susceptible individual. See the related review that highlights the involvement of NETs in the innate immune system and autoimmune diseases [3] .
NETosis is a novel form of cell death where neutrophils extrude extracellular fibers composed of chromatin and granule proteins that trap and kill microorganisms.
The association of increased NET formation and autoimmunity was first described in ANCA-associated vasculitis and subsequently in other autoimmune diseases, including psoriasis, SLE, APS, and RA [4] [5] [6] [7] [8] [9] . Proteins found in NETs may be the source of key autoantigens, including MPO and PR3, in ANCA-associated vasculitis, dsDNA antibodies in SLE, and ACPAs in RA. Not only do the protein contents of NETs serve as the targets for autoantibody and immune complex formation, but also, they induce further NETosis, resulting in a positive-feedback loop. The exact molecular mechanisms that trigger NETosis are not fully understood. Several pathways have been suggested, such as induction by ROS generated from NOX. MPO and NE then promote chromatin dencondensation with PAD-4 citrullinating histones [10] . There are conflicting reports as to whether these processes are both required and sufficient for NETosis [10] . NETs were originally described as being activated upon stimulation with IL-8, PMA, and LPS, along with gram-positive and -negative bacteria, fungi, and parasites [1, 11] . However, in autoimmune diseases, proinflammatory cytokines, such as TNF-a and IL-17, and autoantibodies not only stimulate NETosis but also affect the protein contents of NETs [7] .
NETs can also promote autoimmunity through production of type I IFNs and activation of the classic and alternative pathways of the complement system. In psoriasis and SLE, the contents of NETs, namely the antimicrobial peptides and the self-DNA, are able to induce IFN-a production from the pDC [4] . pDCs are the major producers of IFN-a and normally do so in response to invading viruses. NETs with their nuclear contents of dsDNA similarly induce IFN-a from pDCs. IFN-a can then activate both the innate and adaptive immune systems, specifically inducing a Th type 1 pathway, inhibiting T cell apoptosis, and activating B cells and antibody production [12] .
In addition to increased NET formation in patients with autoimmune diseases compared with healthy controls, there is enhanced NET stability with decreased clearance of NETs, particularly in SLE and ANCA-associated vasculitis [13] [14] [15] . There are various mechanisms for the decreased clearance of NETs. One degrader of NETs is an endonuclease called DNase I. In a subset of SLE and ANCA-associated vasculitis patients, there is low DNase I activity and DNase I inhibitors, resulting in decreased clearance of NETs [13] [14] [15] [16] . There are also NETprotecting antibodies that prevent access of DNase I to the NETs to prevent NET degradation [13] [14] [15] [16] . Complement also plays a role in NET degradation. Complement interacts with NETs, with C1q and C3b depositing on the NETs [15] . Deposited C1q inhibits NET degradation through inhibition of DNase I. Furthermore, nondegraded NETs activate complement in vitro [15] . Overall, a positive-feedback loop exists where NETs activate complement, which then further increases NETs by preventing their degradation. In addition to the role of NETs in autoimmunity, NETs may be a potential disease activity biomarker and a therapeutic target.
ASSOCIATION OF NETS WITH DISEASE ACTIVITY IN AUTOIMMUNE DISEASES
The ability of NETs to induce autoimmunity has been suggested in various autoimmune diseases ( Table 1 and Fig.  1 ). NETs were first implicated in the pathogenesis of ANCAassociated vasculitis, which is a group of diseases characterized by a systemic necrotizing vasculitis that affects small vessels, predominantly of the lungs and kidneys, and includes granulomatosis with polyangiitis (Wegener's) and microscopic polyangiitis. Patients have ANCAs-antibodies directed against neutrophil granule proteins PR3 or MPO. These autoantibodies are pathogenic in animal models of ANCAassociated vasculitis [19, 20] . The granule protein contents of NETs may be the antigen source for these pathogenic autoantibodies. ANCAs can then directly stimulate NETosis in vitro [5, 14, 21] . In a study with 38 patients with ANCAassociated vasculitis, patients' sera had a high ability to induce NET formation compared with healthy controls [14] . Increased NET formation was associated with increased disease activity [14] . Furthermore, DNase I activity levels were significantly lower, leading to impaired NET degradation in the serum of patients with ANCA-associated vasculitis vs. healthy controls [14] . Anti-NET antibodies that can inhibit the DNase I activity were found in some patients and led to a further reduction in the degradation of NETs [14] . Overall, there seems to be a "NET-ANCA vicious cycle," where there is excessive formation and decreased clearance of NETs that could lead to ANCA production, which then accelerates further NET formation [14] . Better understanding of the mechanisms of the anti-NET antibodies and the "NET-ANCA cycle" could help identify potential therapeutic targets for ANCA-associated vasculitis.
ANCA-associated vasculitis is a group of diseases characterized by a systemic necrotizing vasculitis that affects small vessels, predominantly of the lungs and kidneys, and includes granulomatosis with polyangiitis (Wegener's) and microscopic polyangiitis. Patients frequently have antibodies directed against neutrophil granule proteins PR3 or MPO.
There is also in vivo evidence of NET formation in the affected glomeruli and interstitium of renal biopsies from patients with ANCA-associated vasculitis [5] . A single case study found abundant NETs in a thrombus from a patient with ANCAassociated vasculitis [17] . Increased NET formation may cause thrombus formation. Specifically, histones within the NETs can bind platelets and blood coagulants [22, 23] . The role of NETs in thrombosis in ANCA-associated vasculitis has clinical relevance, as patients with ANCA-associated vasculitis have an increased risk of venous thrombosis during periods of active disease [24, 25] . More studies are needed to determine whether NETs are a pathogenic mechanism in thrombosis formation in patients with ANCA-associated vasculitis.
Research Question: Does increased NET formation lead to thrombus formation in patients with ANCA-associated vasculitis?
NETs may play a pathogenic role in thrombus formation in another autoimmune disease called APS. In APS, patients are at an increased risk of recurrent arterial and venous thrombosis and pregnancy morbidity. APS can occur in a primary form, where there is no underlying autoimmune disease, or a secondary form, where there is an underlying autoimmune disease, such as SLE. Patients with both primary and secondary APS have autoantibodies to phospholipids and surface proteins, such as lupus anticoagulant, anticardiolipin, and b 2 GP1, which can promote thrombus formation by activating ECs, monocytes, and platelets [26] [27] [28] . b 2 GP1 can interact with neutrophils to stimulate NETosis in vitro in a process that is dependent on ROS and TLR4 signaling [9] . Furthermore, NETs promoted thrombin generation in vitro [9] . A positive correlation was seen with the presence of b 2 GP1 and other APS antibodies-lupus anticoagulant and anticardiolipin-with circulating levels of NETs [9] . These increased levels of circulating NETs may be a result of the presence of antiphospholipid autoantibodies but also could result from decreased degradation of NETs, as has been suggested by another in vitro study in APS [8] . Future in vivo studies are needed to confirm the findings of increased NET formation and decreased NET degradation in patients with APS and to characterize the pathways in which autoantibodies in APS may stimulate NETosis and promote thrombus formation.
APS is an autoimmune disease where patients are at increased risk of recurrent arterial and venous thrombosis and pregnancy morbidity, such as miscarriages, fetal loss, and preeclampsia. Patients can have persistently elevated levels of autoantibodies to phospholipids and surface proteins, such as anticardiolipin and b 2 GP1 and the presence of a circulating lupus anticoagulant.
Research Questions: What are the mechanisms by which NETs promote thrombus formation in patients with APS? Do levels of NETs increase during clinical events associated with APS, such as acute thrombotic episodes, or pregnancy complications, such as miscarriages or preeclampsia?
NETs have also been implicated in the pathogenesis of RA, which is a chronic autoimmune disease characterized by inflammation and subsequent damage of the synovial joints. NET protein content LL-37 drives production of IFN-a that contributes to autoimmunity.
[5] ANCA-associated vasculitis
In vivo NET formation in 15 renal biopsies The granule protein contents of NET may be the antigen source for pathogenic autoantibodies, ANCAs. [14] ANCA-associated vasculitis
In vivo Association of increased NET formation with increased disease activity, as measured by the Birmingham Vasculitis Activity Score [17] ANCA-associated vasculitis
In vivo NETs were found in glomerular crescents and in thrombi of patients with ANCA-associated vasculitis.
Increased NET formation may contribute to thrombus formation in ANCA-associated vasculitis.
[8] APS In vitro Decreased degradation of NETs in sera of patients with APS was associated with increased levels of antibodies against NETs. [9] APS In vitro Increased circulating levels of NETs were associated with the presence of APS autoantibodies; an APS autoantibody, b 2 GP1, interacted with neutrophils to stimulate NETosis.
NETs may promote thrombin formation in APS.
[7] RA In vivo Increased NET formation was seen in synovial tissue, rheumatoid nodules, and skin; increased percentage of netting neutrophils was associated with increased serum CRP, ESR, ACPA, and IL-17
NETs may be the source of citrullinated autoantigens that are pathogenic in RA.
[18] RA In vitro Increased NET formation compared with controls Patients with RA have increased levels of inflammatory cytokines, such as TNF-a and IL-17, and pathogenic ACPA, years before clinical diagnosis [29] . Citrullination is a post-translation modification that can generate neoantigens, rendering proteins and immune complexes immunogenic and arthrogenic [30, 31] . Whereas histone citrullation is important in NETosis, it is not sufficient [10] . In an autocrine feed-forward loop, NETs present these citrullinated histones [32] that serve as proinflammatory and immunostimulatory autoantigens to promote joint inflammation and destruction [6, 33, 34] . Neutrophils from RA cases have increased NET formation in vitro compared with controls [18] , with NETs detected in synovial tissue, rheumatoid nodules, and skin [7] . Furthermore, there were significant correlations between the percentage of peripheral blood netting neutrophils and serum levels of CRP, ESR, ACPA, and IL-17 [7] . Autoantibodies, such as ACPA and rheumatoid factor, and inflammatory cytokines, such as TNF-a and IL-17, induced NETosis in RA cases [7] . In addition, NETs externalized citrullinated autoantigens that are key RA autoantigens [7] . This study suggests a cycle where NETs are exposing citrullinated antigens to the immune system with these same citrullinated antigens and inflammatory cytokines, further perpetuating NETosis [7] . In addition, ACPA and inflammatory cytokines, such as TNF-a, induced distinct protein contents in the NETs. Future studies are needed to confirm these findings but also to investigate how different autoantibodies and inflammatory cytokines stimulate NETs and affect their protein contents.
RA is a chronic autoimmune disease characterized by inflammation and subsequent damage of the synovial joints. Patients with RA can have pathogenic ACPA.
Research Question: How are the protein contents of NETs influenced by exposure to different autoantibodies and inflammatory cytokines?
ASSOCIATION OF NETS WITH DISEASE ACTIVITY IN SLE
Similar to ANCA-associated vasculitis and RA, there is in vivo evidence for NETs in SLE ( Table 2) , which is a chronic autoimmune disease with multisystem organ involvement that can range from a mild disease course, where the skin and joints are affected, to a more severe disease course, involving the kidneys and CNS. The disease is characterized by fluctuating periods of increased disease activity called flares. In SLE, there is a break in self-tolerance that results in the production of autoantibodies to nucleic acids and associated proteins, such as dsDNA. These autoantibodies can form immune complexes that deposit in the skin and kidneys causing tissue damage.
SLE is a chronic autoimmune disease characterized by multisystem organ involvement ranging from skin and joint and renal and CNS involvement with fluctuating episodes of increased disease activity. Patients can have autoantibodies to nucleic acids and associated proteins, including antinuclear antibodies, anti-Smith, anti-dsDNA, and antiphospholipid antibodies.
Netting neutrophils were present in 6 of 9 renal biopsies from SLE patients with class III or IV SLE nephritis [6] . Patients with class IV SLE nephritis, a diffuse-proliferative form, typically with active inflammatory lesions, had a higher percentage of netting neutrophils infiltrating the glomeruli compared with patients with class III SLE nephritis, a focal-proliferative form, typically with active inflammatory lesions. Patients with higher activity biopsy indices and anti-dsDNA levels had more netting neutrophils infiltrating the glomeruli compared with patients with lower activity biopsy indices and anti-dsDNA levels. NETs were also found in skin lesions in SLE patients with various forms of cutaneous lupus [6] . In addition, there are multiple studies investigating the association of NET degradation with the presence of SLE nephritis and disease activity. One study with 94 SLE patients confirmed that sera from a subset of patients failed to degrade NETs [15] . In a retrospective analysis of 61 patients, the inability to degrade NETs correlated with the presence of SLE nephritis and increased disease activity [13] , as measured by the SLEDAI [38] . Renal involvement and pleurisy, as measured by SLEDAI, were also associated with the inability to degrade NETs [13] . SLEDAI is a validated and commonly used disease activity measure, where the physician assigns points to clinical and lab parameters that represent active SLE based on their presence or absence in the prior 10 d.
SLEDAI is a validated disease activity measure, where a physician assigns points to a list of 24 items, 16 of which are based on clinical symptoms, and 8 are laboratory measures based on their presence or absence within the prior 10 d. More severe organ involvement, such as renal involvement, is weighted with more points. The points are then summed with a possible score ranging from 0 to 105, with higher scores indicating higher disease activity. A score of 6 or more is consistent with active disease that requires therapy.
With the use of a different measure to assess NET formation, one cross-sectional study assessed levels of cfDNA, products of NETs [35] . Compared with controls, SLE patients had significantly higher mean concentrations of cfDNA [35] . SLE patients with active nephritis, defined as active urinary sediment, proteinuria, or active lesions on a renal biopsy, had higher concentrations of cfDNA than SLE patients with inactive nephritis and no history of nephritis. cfDNA positively correlated with 24 h urinary protein and negatively correlated with albumin levels and the creatinine clearance rate. In summary, with the use of 3 different measures to assess NETs, there are multiple studies supporting the association between increased NET formation and increased disease activity and renal involvement in patients with SLE.
To show more convincingly the association of NETs and SLE disease activity, one prospective longitudinal study conducted an analysis of 69 SLE patients. The authors measured the degradation of NETs, along with other serologic and clinical parameters, every 2 mo for a mean 2.5 y [16] . To define normal vs. decreased degradation of NETs, the ability of healthy controls to degrade NETs was measured. If a SLE patient had NET degradation at a cut-off set as 3 SD or lower below the mean NET degradation of controls, then the SLE patient was defined as In an attempt to describe temporal associations of clinical and laboratory parameters with NET degradation, this study analyzed items predominantly from the SLEDAI to assess disease activity that occurred 2 mo before, concomitantly, and 2 mo after NET degradation measurement. An increase in SLEDAI was significantly associated with decreased NET degradation and seen before, at, and after sampling of NET degradation. Furthermore, manifestations of active GN, such as cellular casts, hematuria, and proteinuria, were all significantly associated with decreased NET degradation and seen at the time of sampling. Proteinuria was associated with decreased NET degradation and seen before, during, and after NET sampling.
In addition, lab parameters, such as elevated dsDNA, CRP, low levels of C3, and leukopenia, were all associated with decreased NET degradation and seen at the time of sampling. This prospective longitudinal study showed that a subset of SLE patients had a decreased ability to degrade NETs, which was associated with a higher SLEDAI score, GN, and known disease activity markers, such as elevated dsDNA and low C3 levels. Decreased NET degradation even preceded an increase in SLEDAI and proteinuria. This study suggests that NET degradation may have value as a biomarker of both predicting and detecting disease activity and renal involvement in SLE. However, larger prospective longitudinal studies that assess NET degradation and disease activity are needed. 
NETS AS AUTOIMMUNE DISEASE BIOMARKERS
Multiple cross-sectional studies and 1 longitudinal prospective study suggest that the measurement of NET degradation may be useful as a biomarker to predict and assess disease activity and renal disease. However, there is a recent, small study with 23 patients with SLE that did not find an association between increased NETs and disease activity, as measured by SLEDAI [14] . Of note, this study assessed for the presence of NETs differently by measuring the ability of sera IgG from SLE patients to induce NET formation instead of measuring NET degradation, as done in the previously discussed studies. These contrasting results highlight the importance of standardizing and validating the way NETs are measured in SLE patients. Whereas more studies in the literature, including a prospective one, tend to use NET degradation as the measure of increased NET formation or NETosis, it is not clear if this method is more accurate to capture NETosis compared with measuring the ability for sera to induce NETs or measuring NET products, such as cfDNA. Another consideration is how to define "normal" versus increased NET formation. Some studies do not define specific cutoffs, whereas others define decreased NET degradation, for example, as 3 SD or lower than the mean for healthy controls [16] . The standardization of what is defined as decreased NET degradation or increased NET formation is needed. In addition, autoantibodies to NETs could interfere with serum NETs measurements using an ELISA. Any measurement technique proposed as a biomarker should also be relatively easy to perform in a clinical lab setting. Prospective longitudinal studies with larger sample sizes are needed to measure the test characteristics of any measure of NETosis to predict and correlate with disease activity and renal involvement. As illustrated by current disease activity markers, such as complement and dsDNA levels, the clinical heterogeneity of SLE may limit which biomarkers are useful in assessing for disease activity and renal involvement. For example, not all SLE patients have anti-dsDNA antibodies. Furthermore, SLE patients with anti-dsDNA antibodies may not have increased levels associated with increased disease activity. This limitation can also be seen with complement levels with the lack of association between low complements and increased disease activity. Potentially, not all SLE patients will have increased NETosis or NETosis that correlates with increased disease activity. Future studies would need to clearly define in which SLE patients it may be beneficial to use NET measurement to help clinicians with predicting and assessing disease activity and renal involvement.
Research Questions: What is the best method (ability of sera to induce NETs, NET degradation, NET products, such as cfDNA) to measure increased NET formation in SLE patients? How will we define normal NET formation versus increased NET formation? Which measurement of NETosis could be most easily performed in clinical labs?
In addition to SLE, the understanding of NETs in ANCAassociated vasculitis has led to the identification of potential biomarkers for disease activity and treatment response. In a recent study, increased expression of a granulocyte geneexpression signature was associated with increased disease activity and decreased treatment response in patients with ANCAassociated vasculitis [39] . The source of this signature was a subset of neutrophils called LDGs, which are proinflammatory [6, 36, 40] and able to undergo spontaneous NETosis without stimulation [40] . This study was the first to show the presence of LDGs in patients with ANCA-associated vasculitis, as LDGs had previously been shown in patients with SLE [40] . Furthermore, the LDGs in the patients with ANCA-associated vasculitis, produced NETs containing MPO and PR3, major autoantigens in ANCA-associated vasculitis. Future studies are needed to assess the potential pathogenic role of LDGs and NETs in ANCAassociated vasculitis.
developing new SLE treatments. Type I IFNs are a cytokine family of IFN-a, IFN-b, IFN-Τ, IFN-k, and IFN-v [41] . Whereas individual type I IFNs, such as IFN-a, are difficult to measure, as a result of the small quantities in peripheral blood, the type I IFNs as a family are easier to measure in terms of mRNA expression. In SLE, there is an overexpression of type I IFNinducible mRNAs in blood and in involved tissues in ;60% of patients [41] . Increased expression of mRNAs induced by type I IFN is associated with increased disease activity [41] . The measurement of the type I IFN signature is a potential pharmacodynamic marker to evaluate the inhibition of anti-IFN therapies, as well as select SLE patients with an increased type I IFN signature that may benefit from these therapies.
Research Question: Does NETosis correlate with an increased type I IFN signature and increased IFN-a levels in patients with SLE?
Similar to the IFN signature, NETs are increased in the blood and involved tissues of SLE patients. Increased NET formation and decreased NET degradation are associated with increased disease activity. NETs are able to induce IFN-a production from pDCs. Therefore, the measurement of NETs may allow for an indirect measure of IFN-a. The measurement of the IFN signature captures multiple type I IFNs, not just IFN-a. The measurement of NETs may be a more specific way to estimate IFN-a levels and identify which SLE patients at baseline in clinical trials have elevated IFN-a levels and may be more likely to respond to anti-IFN-a therapies.
ASSOCIATION OF NETOSIS WITH EC DYSFUNCTION AND ATHEROSCLEROSIS IN AUTOIMMUNE DISEASES
NETs may play a role in the pathogenesis of premature CVD in SLE. SLE patients have substantially increased morbidity and mortality from CVD, with the incidence of myocardial infarction 5 times higher in patients with SLE compared with the general population [42] . CVD occurs at earlier ages in SLE patients than in the general population, with traditional and diseaserelated risk factors not fully accounting for this increased risk [43, 44] . One proposed mechanism is an altered innate immune response that contributes to EC dysfunction and damage leading to plaque formation [37] . SLE patients have EC dysfunction with evidence for accelerated EC apoptosis [45] , which results in loss of NO release, leading to impaired vasodilation, which may potentiate atherosclerosis [45] . Increased EC apoptosis in SLE patients correlated with reduced endothelial function, as measured by brachial artery flow-mediated dilation [45] . In addition, increased EC apoptosis in SLE patients correlated with elevated tissue factor, which is associated with a prothrombogenic phenotype [45] . Neutrophils and NETs may play a central role in increased EC apoptosis in SLE. There is evidence that neutrophils and NETs enhance EC killing and death in vitro [6] . In summary, NETs accelerate EC death that may contribute to both atherosclerotic and thrombotic events in SLE patients.
Other mechanisms have also been implicated in the role of NETs in EC damage and the pathogenesis of accelerated atherosclerosis in SLE. MMP-9 is up-regulated and externalized on the surface of the NETs and able to damage ECs [36] . Furthermore, the MMPs from the NETs cause secretion of MMP-2 from the ECs, resulting in further EC dysfunction. NETs may also mediate HDL oxidation in SLE patients [37] . Compared with controls, SLE patients have increased levels of oxidized HDL, which is a proinflammatory lipoprotein with impaired cholesterol efflux capacity. NET-derived MPO, NOX, and NOS promote HDL oxidation and decrease cholesterol efflux capacity in vitro [37] . In summary, NETs lead to the generation of a dysfunctional HDL that impairs cholesterol efflux capacity, further promoting proinflammatory responses in the vascular system that may contribute to accelerated atherosclerosis in SLE.
Recently, an inflammatory role of neutrophils and macrophages in the pathogenesis of atherosclerosis has been described. Specifically, NETs were found in atherosclerotic plaques in apolipoprotein E-deficient mice [46] . Cholesterol crystals induced neutrophils to undergo NETosis, which primed macrophages to release pro-IL-1b [46] . In addition, the cholesterol crystals, bound to the cell surface of the macrophages, activated the inflammasome, which further propagated inflammation [46] . In vitro human studies showed that cholesterol crystals triggered NETosis [46] . Whether neutrophils, NETs, and macrophages interact in human plaques to generate an inflammatory state needs further human in vivo studies.
Research Questions: Do NETs propagate inflammation in atherosclerotic lesions in humans? Is the NET-mediated inflammatory process in atherosclerosis more pronounced in patients with autoimmune diseases, such as SLE, compared with the general population?
NETS AS POTENTIAL THERAPEUTIC TARGETS
NETs represent a novel target for therapy in SLE and other autoimmune diseases. The literature currently focuses on targeting NETs in developing SLE therapies, but potential therapies may be applicable to other autoimmune diseases. There are both conventional medications already used in SLE, as well as novel agents that target NETs ( Table 3 and Fig. 2) . As a defense against invading pathogens, NETs release ROS, with ROS important in NET formation. Treatment of neutrophils with NAC blocks ROS and NET formation in vitro [47] . NAC also blocks the mTOR in SLE T cells in vitro and in vivo [49, 65] . In 2 small studies, NAC improved SLE disease activity [48, 49] . Future randomized, controlled clinical trials are needed to assess fully the efficacy of NAC in reducing disease activity in SLE.
Another possible target is treatment with DNase I, which is an endonuclease that is secreted into the extracellular space and found in the blood and gastrointestinal tract with a presumed function of digesting extracellular DNA [66] . With their DNA contents, DNase I is an important degrader of NETs. In SLE patients, sera levels of DNase I are decreased [13, 15, 16] . With these decreased levels, it was hypothesized that administration of What are the in vivo effects of DNase I in SLE patients? [51] In mice, DNase I had no effect on survival and kidney disease. [52] In mice, DNase I reduced reactive B cells, production of type I IFN, and immune complex deposition in the kidneys. [53] In a phase Ib study, there were no significant differences in adverse reactions in the treatment versus placebo groups. Serum markers of disease activity were unchanged in the treatment group.
PAD-4 inhibitor
Deiminates histones (NET contents) [54] In mice, PAD-4 decreased autoimmune responses and protected against vascular damage.
What are the in vitro and in vivo effects of PAD-4 inhibitors in SLE patients? [55] In mice, PAD-4 decreased proteinuria, improved skin involvement, and improved EC dysfunction. Eculizumab rhmAb to C5 may block NET formation. [56] In PNH patients, eculizumab inhibited markers of NET formation in vivo.
Does eculizumab block NET formation in SLE patients? [57] In a phase I study, there were no significant differences in adverse reactions in the treatment versus placebo groups, with complement inhibition persisting for 10 d; there were no significant changes in SLEDAI scores.
In larger SLE studies, will eculizumab be shown to be safe and effective in reducing disease activity?
Vitamin D (calcitriol)
Unknown, reduces NET formation [58] In vitro, vitamin D reduced NET formation and decreased rates of EC apoptosis in SLE patients with low vitamin D.
Will vitamin D affect NET formation and improve EC dysfunction in larger studies? [59] In vivo, vitamin D improved endothelial function in SLE patients with low vitamin D.
Will vitamin D reduce CVD in SLE patients?
Antimalarials Blocks processing of NETs through TLR9 in pDCs [37] In vitro, chloroquine inhibited NET formation in SLE neutrophils.
Will antimalarials inhibit NET formation in SLE in vivo?
Sifalimumab Human mAb to IFN-a [60] In a phase Ia placebo-controlled study, there was no safety signal seen with dose-dependent inhibition of the type I IFN signature with sifalimumab; there were trends toward improvement in SLEDAI with sifalimumab.
Is sifalimumab generally safe in SLE patients? [61] In a phase Ib, placebo-controlled study, adverse events were Is sifalimumab only effective for SLE patients with increased DNase I would reduce the extracellular DNA found in SLE that triggers multiple autoimmune pathways leading to inflammation and tissue damage. DNase I was administered to multiple models of lupus-prone mice with mixed results [66] . One group that uses rmDNase I showed improvement in histologic changes in kidneys and survival in the NZB/NZW F1 mouse model [50] . However, with the use of the same model, another group showed that DNase I had no effect in improving disease in the mice [51] .
With the use of an estrogen-induced mouse model of lupus, DNase I treatment did improve disease in the mice [52] . rhDNase I was given to 17 SLE nephritis patients in a phase Ib, randomized, double-blinded, placebo-controlled trial to determine the drug's safety and pharmacokinetics [53] . rhDNase I was well tolerated without significant adverse events. However, serum markers of disease activity were unchanged. Future studies with more SLE patients are needed to assess the safety and efficacy of rhDNase I.
Research Question: What are the in vivo effects of DNase I in SLE patients?
Another potential drug target also involves inhibiting a major component of NETs. PAD-4 is a hydrolase that deiminates histones, which are prominent in NETs. Without PAD-4, NETs cannot form, as illustrated by PAD-4-deficient mice [32, 67] . In one lupus-prone mouse model-the New Zealand Mixed 2328-which is prone to proliferative GN and a prominent type I IFN signature, PAD inhibitors decreased autoimmune responses and protected against NET-mediated vascular damage [54] . In lupus-prone MRL/Mp-lpr/lpr mice with proliferative GN and a much less prominent type I IFN signature, PAD inhibitors blocked NET formation, decreased immune complex deposition in the kidneys and proteinuria, and improved skin involvement [55] . Treatment with the PAD inhibitors also improved EC dysfunction [55] . PAD inhibitors represent an anti-NET target that may be an effective, novel therapy in SLE to treat not only disease manifestations but also to improve endothelial dysfunction. To date, trials have not been conducted in humans.
Research Question: What are the in vitro and in vivo effects of PAD-4 inhibitors in SLE patients?
Another potential target of NETs is the complement system. Complement deposits on NETs and is important in regulating NETs by preventing their degradation. Eculizumab is a rhmAb that is a terminal complement inhibitor and approved for the [62] In a phase IIb, placebo-controlled study, adverse events were similar in both groups, except with higher rates of herpes zoster seen with sifalimumab.
There was a significantly higher percentage of patients with an SRI response at d 365 with sifalimumab.
Will sifalimumab reduce disease activity in larger phase II and III studies?
Rontalizumab Human mAb to IFN-a [63] In a phase I, placebo-controlled study, adverse events were similar, except a higher infection rate with rontalizumab; rontalizumab reduced levels of the type I IFN signature but did not reduce levels of IFN-inducible proteins or anti-dsDNA levels.
Will infection risk, such as from viral reactivation, limit rontalizumab and sifalimumab's use? [64] In a phase IIb, placebo-controlled study, response rates to BILAG and SRI were similar; prespecified subgroup analyses showed a trend toward improvement in flare rates and a decrease in corticosteroid use.
Are other subsets of type I IFN, which are not blocked by sifalimumab or rontalizumab, important drivers of clinical disease in SLE? treatment of PNH, a rare, acquired hemolytic anemia, where the complement system attacks RBCs, and atypical hemolytic uremic syndrome-a hemolytic anemia that can result in acute kidney failure and a low platelet count. Specifically, eculizumab binds to the terminal C5 and inhibits the cleavage of C5 to C5a and C5b by the C5 convertasae, which prevents the formation of the terminal complement complex. Eculizumab inhibited NET formation in PNH patients [56] . Eculizumab has been studied in 24 SLE patients in a phase I, randomized, placebocontrolled, double-blind trial to evaluate its safety, pharmacodynamic, and pharmacokinetic properties [57] . There were no significant differences in adverse events in the treatment vs. placebo groups. Complement inhibition of .80% was observed in the treatment group and persisted for 10 d but then returned to baseline at 14 d. There were no significant changes in disease activity scores, as measured by SLEDAI, in exploratory analyses. However, this initial, small controlled study shows promising safety data to justify future, larger phase I and II studies.
Research Question: Does eculizumab block NET formation in vitro and in vivo in SLE patients?
In addition to the above novel agents, known agents used in SLE also represent NET-targeted therapy. In a small study of 5 SLE patients, vitamin D (calcitriol) reduced NET formation in neutrophils from SLE patients with low vitamin D [58] . In addition, vitamin D decreased rates of apoptosis in ECs [58] . This study suggests that vitamin D reduces the cytotoxic effects of NETs on ECs. A small in vivo study of 22 stable SLE patients with vitamin D deficiency (,20 ng/ml) showed that vitamin D improved endothelial function [59] . These studies would need to be expanded in a larger SLE population with vitamin D tested in controlled trials to determine if improved endothelial function translates to improved CVD outcomes.
Research Question: Does vitamin D block NET formation and improve EC dysfunction in vivo in SLE patients?
Antimalarials, such as HCQ, are the cornerstone of drug therapy in SLE. Antimalarials have the potential to block the processing of NETs through TLR9 in pDCs. Chloroquine, an antimalarial, significantly inhibited NET formation in control and SLE neutrophils in vitro [37] . However, this potential mechanism has not been investigated in vivo. Commonly used medications in SLE, such as azathioprine, mycophenolate mofetil, and cyclophosphamide, have effects on neutrophils. However, currently, there are no studies investigating the effects of these medications on NET formation. Furthermore, it is not clear if corticosteroids affect NETs. Both in vitro and in vivo studies show that corticosteroids do not affect the activation of pDCs and thus, do not reduce IFN-a levels [68] . As NETs promote autoimmunity through IFN-a production, it is not surprising that 1 study suggests that corticosteroids do not block NET formation in vitro [34] . These findings have not been replicated or studied in vivo in SLE patients.
Research Question: Do antimalarials and other commonly used medications in SLE, such as azathioprine, mycophenolate mofetil, and cyclophosphamide, block NET formation in vivo in SLE patients?
With NETs being potent inducers of IFN-a, drugs that target IFN, specifically IFN-a, have been studied. In SLE, there are multiple studies that establish the presence of an IFN signature, an overexpression of type I IFN-induced genes [69] . These increased gene-expression levels correlate with increased SLE disease activity [69] . As it is difficult to measure the low quantities of IFN-a, the gene-expression levels are typically measured. pDCs are the major producers of IFN-a and normally do so in response to invading viruses. NETs with their nuclear contents of dsDNA similarly induce IFN-a from pDCs. IFN-a can then activate the innate and adaptive immune systems, specifically inducing a Th type 1 pathway, inhibiting T cell apoptosis, and activating B cells and antibody production [12] .
Several drugs have been developed that block IFN-a, including sifalimumab (MEDI-545) and rontalizumab (RG7415), as well as other similar neutralizing antibodies to IFN-a and IFN-g [70] . Sifalimumab and rontalizumab are both fully human mAb that bind to IFN-a and prevent IFN-a from signaling to its receptor. However, sifalimumab and rontalizumab target slightly different IFN-a subtypes. In a phase Ia, randomized, double-blind, placebo-controlled study, the safety profile, tolerability, and pharmacokinetics of sifalimumab were examined in 69 patients with SLE [60] . The pharmacodynamics of the type I IFN signature were assessed by measuring the expression level of type I IFN-inducible mRNAs in whole blood, along with the expression of 2 IFN-a/b-inducible protein products in affected skin biopsies. Adverse event rates were similar between the sifalimumab and placebo groups. The SLE patients, with an elevated type I IFN signature at baseline, had a dose-dependent inhibition of the type I IFN signature with sifalimumab. In Figure 2 . Overview of potential therapies that target NETs. Neutrophils release NETs, which contain histones, complexes of DNA and LL-37, an antimicrobial peptide, elastase, and MPO. NAC is an antioxidant that can reduce ROS, which promotes NETosis. DNase I digests extracellular DNA and degrades NETs. PAD-4 inhibitor deiminates histones, an important component of NETs. Eculizumab, a mAb to C5, can block complement activation that stimulates NETosis. The target by which vitamin D reduces NET formation is unknown. Antimalarials block processing of NETs through TLR9 in pDCs. Sifalimumab and rontalizumab are mAb to IFN-a, which is a product of NETosis that can stimulate further NETosis. Electron micrograph of polymorphonuclear neutrophil exploratory analyses, there were consistent trends of improvement in disease activity in the sifalimumab versus placebo groups. However, statistical significance was not attained. In summary, this study established the safety of sifalimumab in SLE. Sifalimumab neutralized the overexpression of the type I IFN signature and may reduce disease activity.
Sifalimumab was examined further in a phase Ib, randomized, controlled study [61] . In this study, 161 adult SLE patients with moderate-to-severe disease were randomized to receive IV sifalimumab and 40 SLE patients to placebo. Blood samples at screening and at multiple time points during treatment and follow-up were evaluated for the expression of 21 type I-inducible genes. The median fold change in expression of the type Iinducible genes was used as a pharmacodynamic biomarker [71] . There were similar frequencies of adverse events in the sifalimumab and placebo groups. However, 11 SLE patients in the sifalimumab group with adverse events had to permanently discontinue the drug. There were 4 deaths in the sifalimumab group versus 1 death in the placebo group, with infection contributing to 2 of the deaths in the sifalimumab group. Similar to the phase Ia study, sifalimumab showed dose-dependent neutralization of the type IFN gene signature in the SLE patients with overexpression of the type I IFN signature at baseline. In post hoc analyses, there was a trend toward improvement in the disease activity measures in patients with increased baseline type I IFN signature in the sifalimumab group. In summary, this phase Ib study showed an adequate safety profile, although the increased deaths in the sifalimumab vs. placebo group warrant investigation and the need for longer follow-up. In a phase IIb, randomized, double-blind, placebo-controlled study, 431 moderate-to-severe SLE patients were randomized to receive sifalimumab or placebo for 1 y [62, 70] . The primary endpoint was a response at 1 y on the SRI, a composite disease activity measure [72] . There were similar adverse events in the sifalimumab vs. placebo groups; however, in the sifalimumab group, there were more frequent Herpes zoster infections. A significantly higher percentage of patients met the primary endpoint in all dose groups of sifalimumab vs. placebo. Whereas sifalimumab inhibits most but not all type I IFN-a subtypes, it does not inhibit IFN-b or IFN-d. Whether these other IFN subtypes are clinically important and need to be targeted remains unanswered.
In addition to sifalimumab, rontalizumab has been developed as an IFN-a-targeted therapy in SLE. Rontalizumab is a humanized IgG1 mAb that binds to and neutralizes all known subtypes of human IFN-a. A phase I, placebo-controlled, doubleblind study was conducted in 60 SLE patients to assess the pharmacokinetics and pharmacodynamic activity [63] . The IFN signature was measured via microarray analyses and quantitative RT-PCR. IFN-inducible proteins and autoantibodies were also measured. There were similar rates of adverse events in the treatment and placebo groups. However, infections did occur at a higher rate in the rontalizumab versus placebo groups. Rontalizumab reduced the levels of the IFN signature in a dosedependent fashion, with higher doses reducing the gene expression by .50%. However, there was no decline in the levels of the IFN-inducible proteins or in levels of anti-dsDNA or anti-ENA autoantibodies. Rontalizumab was fairly well tolerated and generally safe, although with a concern for increased infection risk. Whereas rontalizumab reduced the levels of the IFN signature in SLE patients with an elevated signature at baseline, these levels were not reduced to levels seen in healthy controls or even to baseline levels detected in SLE patients with low-level signatures. Furthermore, rontalizumab did not reduce IFN- • What is the best method (ability of sera to induce NETs, NET degradation, NET products, such as cfDNA) to measure increased NET formation in SLE patients? • How will we define normal NET formation versus increased NET formation? inducible protein, anti-dsDNA, or anti-ENA autoantibody levels. In a phase II, placebo-controlled trial, moderate-to-severe SLE patients were randomized to receive rontalizumab or placebo [64, 70] . Response rates were similar in the rontalizumab and placebo groups. However, in prespecified groups, rontalizumab was associated with improvement in flare rates and lower corticosteroid use at wk 24. In summary, rontalizumab seems to reduce the IFN signature in SLE, but further studies are needed to establish its safety in terms of infection risks and efficacy.
With the development of multiple therapies targeting IFN-a, questions remain about the safety and efficacy of this drug class. Whether IFN signature levels need to be suppressed to a certain level to have clinical effect has not been established. Specifically, it is not known if other types of type I IFN-s are important drivers in clinical disease. As the majority of anti-IFN therapies target various subtypes of IFN-a, it will be important to delineate the contribution of other type I IFNs to disease activity in SLE. In addition, the published safety and efficacy data of the sifalimumab and rontalizumab phase II trials will need to be examined to decide on moving forward with phase III trials. NETs may be an important part of this developing story of anti-IFN-a therapies in SLE as a potential tool to estimate IFN-a levels and select patients that may be more likely to respond to these therapies. In addition, NETs could be measured in current trials assessing the impact of NAC on disease activity [73] and a phase I trial of an anti-C5aR antibody in SLE [74] .
Research Question: Are there other subsets of type I IFN, in addition to IFN-a, that are important drivers of SLE disease activity?
CONCLUSIONS
NETs play an important role in the pathogenesis of multiple autoimmune diseases. NETs may be the source of key autoantigens, as well as potent inducers of IFN-a. Increased NET formation, as assessed by multiple methods, has been associated with increased disease activity in multiple autoimmune diseases. Increased NET formation may be useful as a disease activity biomarker in ANCA-associated vasculitis and SLE. However, standard and validated methods need to be established in measuring NETs along with prospective, longitudinal studies describing the test characteristics of NET measurements compared with established disease activity measures. By better understanding the role of NETs in EC dysfunction and atherosclerosis, therapies could potentially be designed to target NETs and potentially reduce the burden of atherosclerosis in SLE and other autoimmune diseases. The literature currently focuses on targeting NETs in developing SLE therapies, but potential therapies may be applicable to other autoimmune diseases. Both known agents, such as antimalarials, and novel agents, such as NAC, DNase I, PAD inhibitors, and anti-IFN-a therapies, may target NETs in SLE. Anti-IFN-a therapies have shown some promise in phase I and II trials. However, questions remain regarding their clinical efficacy in SLE and whether these therapies may only be helpful in a subset of SLE patients with increased type I IFN signatures ( Table 4 ). As these new therapies emerge in future clinical trials, measurement of NETs may be helpful in assessing levels of IFN-a. In summary, NETs offer insight into the pathogenesis of multiple autoimmune diseases, as well as provide promise in developing disease biomarkers and novel therapeutic agents.
